Abstract-This study uses formal mathematical optimization techniques based on parametric computationally-efficient models and differential evolution algorithms. For constant-power applications, in the novel approach described, three concurrent objective functions are minimized: material cost, losses, in order to ensure high efficiency, and the difference between the rated and the characteristic current, aiming to achieve wide constantpower flux-weakening range. Only the first two objectives are considered for constant-torque applications. Two types of Interior Permanent Magnet (IPM) rotors in a single and double-layer V-shaped configuration are considered, respectively. The stator has the typical two slots per pole and phase distributed-winding configuration. The results for the constant-torque design show that, in line with expectations, high efficiency and high power factor machines are more costly, and that the low cost machines have poorer efficiency and power factor and most importantly, and despite a common miss-conception, the saliency ratio can also be lower in this case. For constant-power designs, the saliency ratio can be beneficial. Nevertheless, despite a common misconception, when cost is considered alongside performance as an objective, a higher saliency ratio does not necessarily improve the power factors of motors suitable for ideal infinite flux-weakening.
I. INTRODUCTION
The latest development in hybrid and/or electric vehicles (HEY/EV) incentivizes the research activities for design optimization of permanent magnet (PM) machines. For such applications, PM machines need to have high torque and power density, high efficiency over wide speed ranges, and intermittent overload operating capabilities [l] . It should be pointed out that such motors need wide constant-power speed ranges (CPSR). In comparison to surface-mounted PM (SPM) machines, interior PM (IPM) machines are better candidates for such requirements for constant-power applications because of their operation capabilities for wider CPSR [2] [3] [4] [5] [6] .
Design optimization techniques have been reviewed by Duan and Ionel [7] . The basic principle of computationally efficient finite element analysis (CE-FEA) method was first presented by Ionel and Popescu in [8, 9] , and then later implemented and improved by Sizov, et. al., [10] [11] [12] . This CE-FEA method was combined with a differential evolution (DE) algorithm to perform automatic design optimization with multiple objectives for PM machines [10, 13, 14] . In these previous design optimization studies, only the maximum torque per ampere (MTPA) operating point was taken into account. Such constant-torque operating performance is sufficient for motor designs for general industrial applications.
Differing from the previous work, this paper focuses on the design optimization techniques dealing with constant-torque and constant-power problems. In this work, the extended speed operation capability was considered as an objective for the DE design optimization algorithm. This new design optimization approach was implemented for the case studies of IPM machines with single-layer (SL) and double-layer (DL) PM layouts. Finally, a comparison between these two IPM machines was performed. Hence, the purpose of this paper is to investigate the design optimization techniques and results for IPM machines for various constant-torque or constant-power applications.
II. IPM MACHINES FOR CONSTANT POWER APPLICATIONS
The typical operation capabilities of IPM machines can be described by the torque-speed and power-speed curves/envelopes, which are shown in Fig. 1 . These capabilities are generally determined by the machine's parameter values as well as the limits on the voltage and current from the motor drive system [6, [15] [16] [17] [18] . In Fig. 1 , Region I, below the base speed, W b, the motor is operating in the constant-torque range using the MTPA control method, where the maximum torque is limited by the maximum stator current. When the motor runs above the base speed, Region II, the drive operating regime is commonly referred to as the flux-weakening control to achieve the constant-power operation, where the limits on the voltage and currents from the drive become important factors. .. ..
. . . . . . . Once reaching the maximum affordable speed, We, Region III, for the constant-power operation, the machine will operate with reduced power and reduced torque in an extended speed range. This extended speed range in Region III of Fig. 1 requires that the machine's characteristic current, I ch, should be lower than or equal to the rated phase current, In, supplied from the drive source. The characteristic current is defined as (1) where A pm is the PM's flux linkage amplitude in Webers, and Ld is the d-axis inductance. This characteristic current is the center point of the voltage limit ellipse shown in Fig. 2 
where, Vmax, is the peak value of the rated phase voltage, and One should notice that when I ch < In, the power delivery capability of the IPM machine will be reduced [17] . Thus, the key condition for IPM machines to achieve wide speed ranges is when Ich = I n [18] , where I n is generally decided by the thermal limit from the inverter and machine. This property requirement for constant-power machines is referred to as one of the design objectives for the DE algorithm in the design optimization case study subject of this paper.
III. PARAMETRIC MODELS FOR 36-SLOT 6-POLE IPM MACHINES
In this paper, two robust parametric geometry models were developed for a 36-slot, 6-pole, IPM machines with SL and DL PM layouts. The cross section and definition of geometric variables for the DL-IPM machine is shown in Fig. 3 . The SL-IPM machine has the same geometric definitions as the DL-IPM machines without the top layer PM layout. The design variables and the corresponding variable ranges are defined in Table I . In this table, the last two design variables are only suitable for the DL-IPM case study. In order to avoid the geometry conflicts in the design optimization procedure, design variables were defined using the ratio expressions as also given in Table I . Here, k si is the split ratio between the stator inner diameter, D 8 i, and stator outer diameter, D 80 , while, kwr, is the ratio between the tooth width central angle, Because of the complex nature of the geometry and page limitation, these variables were not described in detail in this paper. The current density in the stator winding is extremely high. The stator outer diameter and rotor inner diameter are fixed for all designs. The machines are rated for an output power of approximately 500hp, which leads to different stack length for the different IPM machines.
IV. DESIGN SPECIFICATION FOR DIFFERENTIAL EVOLUTION ALGORITHM
The multi-objective design optimization of these IPM machines requires that the DE method be used to search for the optimized machines. The performance of such machines gives minimized total losses and cost, wider operating speed range, lower torque ripple as well as higher power factor while preventing the danger of irreversible demagnetization of the PMs under rated load condition. One way to achieve this, is by considering three objectives given by the following expressions:
• minimize losses: Pioss = PFe + Pcu • minimize the material cost: Cost = 25m pm + 3mcu + m Fe • maximize the speed range by minimizing the absolute current difference between the maximum rated current and characteristic current, which is IIdiJ I =I 1 ma;c~Ich I
where, PFe and Pcu , are the stator core losses and copper losses, respectively, while, m pm , m ew and mFe are the masses of PMs, copper and steel materials , respectively. Meanwhile, the torque ripple, fundamental power factor and minimum flux density in the PMs are defined as the constraints.
In the automatic design optimization, the DE algorithm is utilized to generate a set of candidate designs, which are transferred to the CE-FEA to estimate the torque profiles, stator core losses, copper losses, the induced voltage profiles, material costs, resistance and inductance values, characteristic currents as well as power factors [9, 10] .
The design optimization problem in this work is dealing with three objectives and three constraints, which complicates the selection criteria for best designs. When there are many constraints, the main drawback of the penalty approach is that prespecified weights must be well chosen to keep the population from converging upon either unfeasible or nonoptimal vectors. Over-penalizing with large penalty weights typically speeds convergence to a feasible solution, but risks prematurely converging on a suboptimal one, especially during the optimization's early stages. Because weight selection tends to be a trial and error optimization problem, simpler direct constraint handling methods (e.g. Lampinen's criterion [19] ) are more suitable for multi-objective and multi-constraint optimization problems in this work. 
V. DESIGN OPTIMIZATION RESULTS

A. Single-layer !PM machines (SL-IPM) for constant-torque applications
In the design optimization for constant-torque applications, only loss and material cost objectives were considered. The DE algorithm generated 3500 designs with 70 designs per generations and a total of 50 generations, and the corresponding results are shown in the scatter plots in Figs. 4 and 5. In these two figures, the color maps represent the fundamental power factors and saliency ratios of those generated designs. The results for the constant-torque design show that, in line with expectations, high efficiency and high power factor machines are more costly, and that the low cost machines have poorer efficiency and power factor and most importantly, and despite a common miss-conception, the saliency ratio can also be lower in this case.
B. Single-layer !PM machines (SL-IPM) for constant-power applications
Based on the design specifications for constant-power applications, the DE algorithm with 60 generations and 70 designs per generation was performed for SL-IPM machines. The scatter plots for the various characteristic performances and properties are shown in Fig. 6 (a) through (c) , where the losses and cost are expressed in per unit values, and the color maps represent the current difference, saliency ratio, and fundamental power factor, respectively. 
C. Double-layer !PM machines (DL-IPM) for constant-power applications
The same design optimization approach was also implemented for the DL-IPM machines with 12 design variables, see Table I , and the corresponding results for a total of 5400 designs. Figs. 7 (a) through (c) show the color maps for the current difference, saliency ratio and power factor.
VI. COMPARISON AND DISCUSSIONS
In this paper, totally three design optimizations were investigated. The first one is for the constant-torque applications 4 .5 of SL-IPM machines. The other two are for the constantpower applications of SL-IPM and DL-IPM separately. Among the three objectives of losses, cost and CPSR, the first two objectives are conflicting, which caused more difficulties for DE algorithms to find optimal designs. Figs. 6 (b) and 7 (b) show that IPM machines with high saliency ratios cannot guarantee low material cost. Especially in Fig. 7 (b) for DL-IPM machines, the costs for designs with high saliency ratio varies from 0.7pu to 2pu. The Pareto-fronts from the design optimization results from Figs. 4, 6(a) and 7(a) are compared in Fig. 8 . From this figure, one can draw a similar conclusion to the one presented in [20] , namely that rotor configuration has very little influence on the the Pareto-optimal relation cost vs. losses. Or otherwise expressed, a specified/target cost and efficiency can be achieved with any of the two typologies considered. For the example study, SL-IPM designs can be marginally less expensive in terms of material cost, and the DL-IPM machines can be marginally more efficient.
Twenty optimum designs were selected from each Paretofront of each corresponding case study. The corresponding performance and characteristics including the saliency ratio, power factor and torque ripple are compared in Figs. 9, 10 and 11 , respectively. Consistant with the previous observation, the IPM machines with lower material cost can have either higher or lower saliency ratios. Increasing the material cost can also increase the power factors by proper design selections. The key point of these design optimization studies is pursuing wider operating speed ranges. Thus, optimal designs are located inside the purple circles in all these figures, Figs. 6 through 7. In Figs. 12 (a) and (b), the current differences versus the material costs and total losses are given for twenty designs of SL and DL IPM machines along the Pareto-fronts shown in Fig. 8 . For constant-power applications, the design objective of the current difference reflects the extended speed range of the machines, for which the target value is zero, see Fig. 12 . From Figs. 9 through 12 , the difference between the design optimization results for the constant-torque and constant-power applications are summarized in Table II . Based on this observation, four optimum designs for each case study were selected with the current difference closest to zero. The corresponding geometries are shown in Figs. 13 and 14, respectively.
VII. CONCLUSION
In this paper, design optimization techniques for two types of IPM machine (SL and DL) in constant-torque or constantpower applications were investigated. Only losses and material cost were considered in the constant-torque design optimization problem. For constant-power applications, IPM machines were designed to achieve wider operating speed ranges, while maintaining high efficiency with low material cost. Based on the ratio parameterized models, the automatic design optimization method using CE-FEA and DE algorithms were implemented. Finally two optimal designs were compared. One observation from these multi-objective design optimization example studies is that for constant torque applications IPM machines with a high saliency ratio typically have high efficiency and power factor, but also, despite common misconception, may incur a higher material cost. Meanwhile for constant-power applications, IPM machines designs with ..e. high saliency ratios cannot guarantee a wide constant power speed range (CPSR).
